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H I G H L I G H T S
• The transformation of MTP and MTPA
was studied in single and combined
treatments.
• UV/H2O2 single treatments achieved
total compound removal in fortified
pure water.
• The combination of two treatments
was needed to achieve a high removal
in HWW.
• UV/H2O2 + CAS combination at-
tained the highest removal in fortified
HWW.
• The in vitro toxicity assays pointed out
the presence of some hazardous TPs.



















A B S T R A C T
The transformation products (TPs) of water contaminants generated during wastewater treatment can sometimes
be equally or even more hazardous than the parent compounds. Therefore, for a comprehensive assessment of
removal efficiency of a water treatment technology, it is mandatory to monitor not only the pollutants but also of
their TPs. However, this type of evaluation studies is lacking in the case of water combined treatments. In this
study, the elimination of metoprolol (MTP), metoprolol acid (MTPA) and the TPs generated was evaluated in
pure water and hospital wastewater (HWW) using UV/H2O2 before and after fungal (FG) or conventional ac-
tivated sludge (CAS). The major transformation pathways were suggested in terms of transformation of the
parent compounds through bio-transformation and photo-transformation mechanisms. The results reveal an
extended removal of MTP, MTPA and TPs after UV/H2O2 single experiment treating spiked pure water at
2.5 mg/L, without increasing the treated effluents toxicity. However, combined treatments were required to
achieve similar removal percentages in spiked real HWW at 2.0 µg/L: while AOPs combined with FG exhibited
lower removal efficiencies with generation of persistent intermediates (such as α-HMTP and TP240), AOPs
combined with CAS attained the higher persistent TPs removal. In particular, AOP + CAS was classified as the
most effective combination for HWW with the highest removal of the parent compounds (86% for MTP and
100% for MTPA), of the intermediates generated (up to 85%) and with a low presence of toxic TPs (such as O-
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DMTP). This study demonstrates that comprehensive evaluation of the intermediates generated along water
treatment technologies is highly recommended to successfully evaluate their removal efficiencies.
1. Introduction
The occurrence of pharmaceutical active compounds (PhACs) and
their metabolites in water bodies has become an imperative concern
due to their potential impact on both environment and human health
[1–3]. Every day, large quantities of wastewater are discharged into
municipal sewer system not only from domestic origin but also from
industrial and hospital sources [4]. In particular, hospital wastewater
(HWW) has been identified as responsible for introducing high loads of
contaminants with potentially toxic effects in aquatic ecosystems [5].
The incomplete elimination of the persistent pollutants in centralized
conventional municipal wastewater treatment plants (WWTPs) allows
the release of these contaminants into the environment [1,6]. In this
sense, dedicated on-site wastewater treatment of HWW has been widely
recommended by several authors [5,7]. However, specific directives or
guidelines in Europe for the management of hospital effluents are
missing and the implementation of full-scale HWW treatment has been
introduced only in few cases [5,8]. The use of tailored and dedicated
treatment technologies could stir up HWW decentralized treatment.
The use of biological treatments has been widely suggested as a
more eco-friendly solution for the removal of organic pollutants from
complex wastewater matrices, involving low operational costs and low
energy consumption [9–12]. Conventional activated sludge treatments
(CAS) cannot always provide satisfactory results in terms of PhACs
removal, but they are still the most commonly applied worldwide, and
to be considered as a reference to be compared with [13]. Among the
different biological based solutions, fungal treatments have been
pointed out to provide high removal rates for many PhACs thanks to the
generation of unspecific extracellular enzymes able to degrade persis-
tent organic pollutants [14–16]. However, incomplete elimination of
non-biodegradable pollutants and bio-recalcitrant intermediates gen-
erated in fungal treatments have also been reported [17]. For the re-
mediation of low biodegradable effluents, highly reactive and non-se-
lective advanced oxidation processes (AOPs), such as UV/H2O2, have
been widely suggested as suitable treatment solutions [18–20]. Despite
this, AOPs are characterized by their relatively higher operating costs
(compared to biological treatments) [21–23], especially in complex
matrices [24]. Therefore, they require larger energy and chemical re-
agents demand to attain total compound mineralization [13].
Applying AOPs as pre-treatment steps to biological treatments has
been suggested to convert the contaminants into more readily biode-
gradable intermediates and, hence, reducing the total cost of the
treatment process [18,25,26]. Among them, solar photo-Fenton, ozo-
nation and UV/H2O2 treatments have been applied as tertiary treat-
ments for the remediation of micropollutants present in real municipal
WWTP effluents [27,28]. However, the effectivity of combined treat-
ments will always depend on the type of water effluent to be treated
[24]. In addition, to properly evaluate the most effective combination
for total pollutant mitigation, not only the removal of the parent
compounds should be considered but also the presence of the major
metabolites and the generated transformation products (TPs) [24,29].
Even though many studies have been focused on the applicability of
combined treatments for decontamination of wastewater
[13,19,26,30–35], only few of them are related to combined treatment
of HWW [36]; and none of them have elucidated tentative transfor-
mation pathways of individual PhACs towards a better understanding
of the total extent on pollutant removal.
Among the pollutants present in HWW, metoprolol (MTP) has been
widely detected in wastewater due to its high consumption for hy-
pertension and cardiovascular diseases [37]. In terms of associated
environmental risk, its presence in natural waters has been related to
cardiovascular dysfunctions, such as alteration of the heart rate, in
aquatic organisms (e.g. Daphnia magna) [38]. Likewise, specific effects
on scoliosis and growth retardation were reported in zebrafish embryos
when exposed to MTP above 12.6 mg/L for 72 h [39]. Up to now, MTP
has been pointed out as a compound of high consumption [40], and has
been detected in raw wastewater up to 0.2–2.0 μg/L [41,42]. Removals
percentage reported for these compounds in conventional WWTPs are
usually low, between 0% and 36% [42–44]. After its consumption, the
excretion of MTP as metoprolol acid (MTPA), via renal excretion,
constitutes up to 60–65% of the initial MTP dose [45–47]. Therefore
MTPA, being MTP major human metabolite, is an additional important
pollutant to be studied in wastewater treatment [48]. Up to now, there
are no regulations limiting discharges of these PhACs in WWTP ef-
fluents for those compounds [3]. In 2020, the Council of the European
Union adopted a new regulation for efficient water reuse. The sub-
stances of emerging concern, including pharmaceutical active com-
pounds, are mentioned in the risk assessment section but without any
threshold value yet [49]. Therefore, the evaluation of PhACs presence,
effective removal and potential discharge concentrations into the en-
vironment are extremely valuable to provide information for forth-
coming studies in the field [50]. While some studies reported MTP and
MTPA recalcitrance in conventional activated sludge (CAS) [44,51],
others demonstrated its biodegradability in fungal (FG) treatment [17].
However, the complete elimination of their TPs has never been reported
by any of the studied treatment.
Measuring the unknown intermediates in the evaluation of treat-
ment removal efficiencies is critical due to their potential hazardous
effects. Thus, even when complete elimination of the parent compounds
is attained, the presence of these TPs should be also considered. To the
best of authors’ knowledge, this is the first time that four different
combinations of treatments (UV/H2O2 treatment before/after CAS or
FG) were investigated in terms of presence and removal of MTP, MTPA
and their TPs in real HWW. The generated intermediates were identi-
fied with an automated suspect screening approach which allowed to
comprehensively study their presence and transformation pathways
along the combined treatments. This study demonstrates that combined
treatments are a valuable solution towards a complete removal of MTP,
MTPA and their TPs.
2. Methods and materials
2.1. Chemicals and reagents
Metoprolol tartrate salt (MTP) (Sigma-Aldrich), O-desmethylmeto-
prolol (O-DMTP), metoprolol acid (MTPA) and α-hydroxymetoprolol
(α-HMTP) (Toronto Research Chemicals); and atenolol-d7 internal
standard (CDN isotopes, Quebec, Canada) were purchased at high
purity grade (> 98%). Standard solutions were prepared on a weight
basis in methanol (at a concentration of 1000 mg/L) and stored at −20
˚C. Ultra-pure water and acetonitrile LiChrosolv grade were supplied by
Merck (Darmstadt, Germany). Working standard solutions containing
all pharmaceuticals and labeled internal standard were prepared in
methanol/water (10:90, v/v). All FG nutrients used were selected re-
garding the optimum conditions reported previously [17]. For CAS
experiments, organic solution (sodium acetate, propionate and yeast
extract), phosphate buffer, trace and inorganic solution were added as
described elsewhere [52]. For AOP experiments, the titanium (IV)
oxysulfate reagent used was 1.9–2.1% from Sigma-Aldrich. The H2O2
reagent was 30% w/v 100 vol stabilized PRS from Panreac [53].
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2.2. Experimental set-up
UV/H2O2 oxidation processes were combined in parallel with FG
and CAS treatments as presented in Fig. 1 (each treatment technology is
described in detail below). The experimental scheme was first applied
treating pure water fortified with MTP and MTPA at initial concentra-
tions of 2.5 mg/L each. Samples were collected at initial experimental
time, prior to perform each individual treatment (to ensure reprodu-
cibility of samples between treatments) and after each individual
treatment to evaluate treatment efficiency. Samples collected were di-
rectly injected into the liquid chromatography system coupled to high-
resolution mass spectrometry (LC-HRMS) for monitoring of target
compounds and TPs. Subsequently, the same experiments were per-
formed in fortified HWW at initial concentration of 2.0 µg/L (to ensure
their presence in real wastewater conditions and allow to properly
evaluate their elimination) of MTP and MTPA. Samples preparation and
analysis are presented in section 2.3 and 2.4, respectively.
2.2.1. Fungal treatment (FG)
Trametes versicolor (ATCC#42530) was maintained on 2% malt agar
slants at 25 °C until use. The mycelial suspension of T. versicolor and
pellets were obtained as previously described [54,55]. Air-fluidized bed
bioreactors were operated as a batch per duplicate for 7 days. Fluidized
conditions in the reactors were maintained by using 1 s air pulse every
4 s, resulting in an aeration rate of 0.8 L/min. Nutrients for main-
tenance, namely, glucose and NH4Cl, were added with a molar C/N
ratio of 7.5 at T. versicolor consumption rate to both reactors (1.2 g / (g
DCW·d)). Temperature was maintained at 25 °C and pH was controlled
at 4.5 by HCl 1 M or NaOH 1 M addition. Samples were collected, fil-
tered through 0.45 μm PVDF filters (Millipore, Barcelona, Spain) and
frozen in glass containers for pure water experiments and PET con-
tainers for HWW experiments (for safety handling in case of breakage).
All these parameters were selected based on the optimum conditions
reported previously [17].
2.2.2. Activated sludge treatment (CAS)
Activated sludge batch experiments were performed using a 1 L lab-
scale Applikon stirred tank reactor coupled with a proportional-in-
tegral-derivative (PID) controller for pH, oxygen and temperature.
Bioreactors were operated as a batch for 24 h and each experiment was
conducted in duplicate. The activated sludge originated from Celrà
WWTP (Catalonia, Spain, 20.000 equivalent inhabitants, 2,100 m3/d),
with a hydraulic retention time (HRT) of 48 h and a sludge retention
time (SRT) of 20–22 days. The biomass concentration during the ex-
periments was 3 gTSS/L (0.71 ratio VSS/TSS) and aerobic conditions
(> 2.5 mg O2/L) were achieved with continuous air supply. The pH and
temperature were maintained at 7.5 and 25 °C, respectively. Activated
sludge after treating pure water or HWW was centrifuged 4 min at 8000
RPM (20 °C), prior to perform AOP post-treatment experiments. Mixed
liquor samples were filtered (0.45 µm pore size Millex PVDF) and im-
mediately frozen in glass containers for pure water experiments and
PET containers for HWW experiments (for safety handling in case of
breakage). All these parameters were selected based on the optimum
conditions needed for this treatment [44].
2.2.3. UV/H2O2 treatment (AOP)
Photo-oxidation treatment processes were performed in duplicate
by using an UV Laboratory Reactor System from UV-Consulting Peschl®,
an immersion-type photo-reactor of approximately 550 mL. The UV
lamp consisted in a 15 W Heraeus Noblelight TNN 15/32 low-pressure
mercury vapor lamp emitting at 254 nm. The photo-reactor was mixed
with a magnetic stirrer to assure the homogeneity of the solution.
Moreover, the photo-reactor was covered with aluminum foil in order
to minimize the loss of UV light and avoid any reflections. Potassium
ferrioxalate actinometry [56] was used as in previous work in order to
characterize the intensity of the light of the UV lamp, resulting in an
irradiance of 0.049 W/cm2 [53]. The experiments were carried out with
500 mL of wastewater, 15 mg/L of H2O2 and a reaction time of 10 min
that corresponds to an UV dose or intensity of 29.4 J/cm2. The H2O2
concentration was analyzed by a spectrophotometric method using ti-
tanium (IV) oxysulfate as reported previously [57]. A stoichiometric
excess of 20% of sodium thiosulfate was added to stop the oxidation
reaction in the collected samples [24]. Then, samples were filtered
through 0.45 µm PVDF filters at initial and final time for further sample
treatment and analysis. Samples were collected and frozen in glass
containers for pure water experiments and PET containers for HWW
experiments (for safety handling in case of breakage). All these para-













Fig. 1. Scheme of the experimental set-up with UV/H2O2 oxidation process (AOP), fungal (FG) and activated sludge (CAS) combined for treating fortified pure water
and HWW.
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2.3. Hospital wastewater and sample treatment
Hospital wastewater (HWW) was collected directly from the sewer
manifold of Sant Joan de Déu Hospital (Barcelona, Catalonia) in the NE
of Spain. Fresh samples were collected and pretreated with a coagula-
tion-flocculation process as described previously [58]. The pretreat-
ment used 43 mg/L of coagulant Hyfloc AC50 and 4.8 mg/L of floc-
culant Himoloc DR3000, both kindly provided by Derypol, S.A.
(Barcelona, Spain). Physicochemical conditions of initial HWW were as
follows: COD, 210.4 mg/L; TOC, 65.9 mg/L; N-NO2, 1.6 mg/L; N-NO3,
5.9 mg/L; P-PO4, 2.0 mg/L; and N-NH4, 25.9 mg/L. A volume of 25 mL
of raw HWW and 50 mL of treated HWW were pre-concentrated
through Solid Phase Extraction in Oasis HLB cartridges (60 mg, 3 mL)
(Waters Corp. Mildford, MA, USA) following the methodology pre-
viously described elsewhere [59]. The extracts were kept in 1 mL of
methanol adding 10 µL of a 1 ng/µL of the isotopically labeled standard.
The extracts were further pre-concentrated to facilitate TPs detection
though evaporation and reconstitution in 150 µL of methanol:water
(10:90, v/v) for LC-LTQ-Orbitrap-MS/MS analysis.
2.4. Instrumental analysis
The detection and identification of the parent compounds and TPs
generated in each treatment step were performed with the suspect
screening methodology previously described [24]. A liquid
chromatography system coupled to a high-resolution mass spectrometer
HPLC-LTQ-Orbitrap VelosTM (Thermo Fisher Scientific) was used for the
analysis of the samples. The chromatographic separation was per-
formed using a ZORBAX Eclipse XDB-C18 (150 mm × 4.6 mm, 5 µm)
for a total run time of 17 min. The instrument was equipped with a
heated electrospray ionization source (HESI-II) and analyses were per-
formed in positive and negative mode. As negative mode showed poor
ionization efficiencies, data processing was performed for positive
mode only. Samples were acquired in Data Dependent Acquisition
mode through full scan from 100 to 1000 mass-to-charge (m/z) range at
a resolving power of 60.000 FWHM. Selection of the most intense ions
(Top 3) for MS/MS full scan fragmentation was performed in a second
event and recorded at 30.000 FWHM from 50 to 500 m/z range. MS/MS
fragmentation modes were investigated by using collision-induced
dissociation at 30 eV CE (Q = 0.250 and an activation time of 30 ms) in
an isolation width of 2 Da. The entire system was controlled via Aria
software, version 1.6, under Xcalibur 2.1 software.
The data acquired were processed by an integrated suspect
screening methodology using Compound Discoverer 3.0 (Thermo Fisher
Scientific). The methodology combines comparison with reference
standards, in-house databases, compound prediction tools and litera-
ture sources for chemical identification. Detailed workflow regarding
the analytical suspect screening strategy applied is presented in Fig. S1.
In addition, specific parameters selected to ensure reliability on che-
mical identification and transformation pathways are presented in
Fig. 2. Suggested transformation pathway of MTP and MTPA in combined treatments treating fortified pure water and HWW. The colored arrows indicate the
removal degree in terms of 1st, 2nd and ≥ 3rd generation of TPs from MTP structure.
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Table S1. The relative presence (%) of the target pollutants MTP and
MTPA was calculated as the area of MTP or MTPA (at a given time),











The TPs presence was calculated as the sum of the areas of all the
detected TPs generated from MTP and MTPA degradation (at a given
time), relative to the sum of the areas of spiked compounds (MTP and
















Additionally, the relative distribution of the intermediates
generated was calculated (Eq. (3)) as the area of each TP detected re-
lative to the sum of areas of all detected TPs (at a given time). In this
specific case, MTPA was considered as a TP since it can be also gen-

















Finally, statistical comparisons between the effluents generated
after the four combinations, tested in pure water and HWW, were
performed to compare the generated TPs and their distribution in
treated samples. In this context, spearman correlations were calculated
through the function “cor” (Package “stats”, [60]) and the function
“cor.mtest” (Package “corrplot”, [61]). Graphics were generated using
the function “corrplot” (Package “corrplot”, [61]).
Fig. 3. Relative presence of MTP, MTPA (Eq. (1)) and TPs (Eq. (2)) in combined experiments treating fortified pure water and HWW: a,c) UV/H2O2 combined with FG
treatment; and b,d) UV/H2O2 combined with CAS treatment.
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2.5. Toxicological assessment
The ISO 11348–3 protocol [62] for testing bacterial biolumines-
cence (Microtox® bioassay) was used to measure the toxicity only in
spiked pure water experiments where MTP, MTPA and their TPs gen-
erated were the only potential toxicants in samples (in vitro toxicity).
This bioassay was not applied to real HWW samples, since other
pharmaceuticals (different from MTP and MTPA) and many other
compounds are present and potentially contributing to toxicity signal.
All the collected samples in pure water experiments were introduced in
glass vials and centrifuged to remove possible interference from bio-
mass fragments or solids in suspension. Then, the decay on emitted light
was recorded after 15 min of samples contact with the bacterium Vibrio
fischeri. The 50% effective concentration (EC50) was expressed in dilu-
tion percentage. TU along the combined treatments was calculated as
(TU = 100/EC50) [63]. The concentration of sodium thiosulfate added
after AOP experiments (to stop the oxidation reaction) was tested and
had no toxic effect on luminescent bacteria [24].
Fig. 4. The circles represent the relative distribution of intermediates in fortified pure water (Eq. (3)), classified regarding their degree on removal (1st, 2nd
and ≥ 3rd generation expressed in percentage values, according to Fig. 2) in: a) UV/H2O2 combined with FG treatment; b) UV/H2O2 combined with CAS treatment.
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3. Results and discussion
3.1. Identification of TPs and elucidation of transformation pathways
MTP and MTPA transformation was evaluated for each individual
treatment in fortified pure water and HWW. Among the detected
compounds, MTP and the human metabolites MTPA, O-DMTP and α-
HMTP were confirmed by means of reference standards, retention time,
compound exact mass and MS/MS fragmentation spectra. Nineteen
intermediates (out of the 29 probable compounds comprised into the in-
house database, Table S2), were detected in the samples by comparison
of retention time, compound exact mass and MS/MS fragmentation
spectra (no reference standard available). No additional TPs were found
neither from the list of 356 compounds predicted (Table S3), generated
using compound prediction tools of the software Compound Discoverer
3.0. (Table S1), nor from list of 39 compounds collected from literature
(Table S4).
The major transformation pathways were suggested from successive
hydroxylation, oxidation and O-dealkylation of MTP and MTPA che-
mical structures (Fig. 2). Among them, the main transformation
pathway detected in this study was related to the formation of the in-
termediates TP238 and TP240 after rapid O-demethylation of MTP
structure and benzylic hydroxylation, through the formation of a ra-
dical intermediate of O-DMTP in biological treatments [64,65]. These
intermediates were also observed in physico-chemical treatments
through oxidative reactions involving the attack of highly reactive ra-
dicals on the ether side chain of the parent compound [66]. TP238 and
TP240 formation was reported not only from the parent compound
MTP but also from its main human metabolite MTPA [17]. In this last
study, TP238 and TP240 were mainly transformed from MTPA fungal
biodegradation into TP254, through the oxidation of the primary al-
cohol and the aldehyde intermediate onto a carboxylic acid, and de-
tected at high concentration [17]. In the case of CAS, MTP biode-
gradation resulted in the generation of MTPA, which was the major
generated intermediate, and in some cases classified as persistent
[44,51]. α-HMTP was both reported as human metabolite, generated
after pharmaceutical consumption, and TP in biological treatments
[44,51]. α-HMTP is usually persistent, it was detected in influent
WWTPs (at 36 ng/L), and consequently it may be classified of important
concern [17,44]. Further oxidation of α-HMTP to TP282A was reported
at much lower concentration. Alternatively, the binding of the hydroxyl
radical in the MTP aromatic ring may lead to the formation of TP284,
which is further oxidized to TP300 and TP316 [66]. These TPs were
especially relevant in treatments with plausible generation of hydroxyl
radicals (e.g. fungi and AOPs, [17,66,67]). It is important to mention
that TP284, TP300 and TP316 were generated only from MTP de-
gradation and not from its main metabolite MTPA [17,66,67]. Finally,
another worth mentioning intermediate is TP134, generated from the
O-dealkylation of the TPs maintaining the secondary amine on their
chemical structure. TP134 is a residual TP and it may be considered as
an indicator of the removal extent of the generated TPs [17,24].
All detected TPs were classified based on the number of transfor-
mations undertaken from the parent compound MTP (1st, 2nd or ≥ 3rd
generation of TPs). Only those TPs with relative distributions ≥ 1%
were further considered for discussion. Detailed information of TPs
distribution percentages is presented in Table S5–S12.
3.2. Combined treatments of fortified pure water
3.2.1. AOP + FG/FG + AOP treatments of fortified pure water
Overall results obtained from the combined experiments in fortified
pure water for AOP + FG and FG + AOP treatments are presented in
Fig. 3a and Fig. 4a. The combination strategy where biological FG
treatment was placed after AOP treatment (AOP + FG) was very ef-
fective for the elimination of the parent compounds (Fig. 3a). Almost
complete elimination (99.9%) of MTP and MTPA was achieved,
although most of the elimination was obtained by AOP alone as a first
step (99.6%). In terms of relative presence of all intermediates gener-
ated, low values were observed, with a percentage of 0.8% and 0.6%
accounted after AOP and AOP + FG, respectively. These results de-
monstrate the high capability of AOP treatment to achieve high MTP
and MTPA removal and almost extended TP removal in pure water
matrix. In fact, a high relative distribution percentage of the ≥ 3rd
generation TPs (Fig. 4a) was observed after both AOP + FG experiment
(80.8%) and AOP single treatment (77.4%). Among them, the most
abundant intermediates (TP150, TP134 and TP116) can be classified as
residual chemical structures, near to total compound removal (Fig. 2).
TP150 was previously classified as a mutagenic compound and TP116
as a persistent compound using in silico estimations (due to the aliphatic
secondary amines in molecular structure), both likely to increase the
hazards on treated water [24]. However, no acute toxicity values were
observed using in vitro experiments after the treatment(s), probably due
to their low TP presence in treated effluents (Fig. 3a).
The combination FG+ AOP was much less effective than AOP+ FG
for MTP removal (from 20.4% with FG alone up to 36.4% with
FG + AOP, Fig. 3a) whereas MTPA was completely removed after FG
treatment alone. In terms of relative presence of TPs, the percentage
value after FG treatment (24.6%) was very similar to the values ob-
tained after FG + AOP (27.6%). Altogether, these values were much
higher than in AOP + FG combination (Fig. 3a). Moreover, there were
less ≥ 3rd generation intermediates (36.7%) and more 1st and 2nd
generation TPs (21.9% and 41.4%, respectively, Fig. 4a). The overall
low efficiency of AOP treatment in the configuration FG + AOP might
be attributed to the polysaccharide mucus secreted by fungi during
fungal treatment, which can affect AOP oxidation afterwards. Con-
sidering the generated intermediates, the high contribution of TP240
(41.6%) and its oxidized compound TP254 (23.0%) in FG experiments
was previously reported in Trametes Versicolor [17]: TP240 was mostly
generated from MTPA biotransformation while α-HMTP from MTP only
[17]. The slight toxicity measured using in vitro experiments, from the
initial time (0.0 TU) to FG treated effluents (3.2 TU) and after
FG + AOP experiments (4.3 TU), might be explained by the presence of
O-DMTP after FG treatment alone (2.8%) and after FG + AOP experi-
ments (3.5%). Actually, O-DMTP was previously described to be 3.6
times more toxic than the parent compound MTP in vibrio fischeri
bioassays [44]. However, the generation of unknown toxic metabolites
from fungi (non-related to MTP and MTPA degradation) cannot be
discarded.
3.2.2. AOP + CAS/CAS + AOP treatments of fortified pure water
Overall results obtained from AOP + CAS and CAS + AOP com-
bined experiments in fortified pure water are presented in Fig. 3b and
Fig. 4b. AOP + CAS allowed complete elimination of MTP and MTPA
(Fig. 3b). In comparison to AOP + FG treatment, this combination
slightly reduced the proportion of intermediates in treated effluents
from 0.8% after AOP to 0.4% after AOP + CAS treatment. In terms of
relative distribution of generated intermediates (Fig. 4b), 2nd genera-
tion of TPs increased from 19.0% after AOP to 31.6% after AOP + CAS
(15.7% more than in AOP + FG), suggesting the generation of some
MTP persistent intermediates after CAS treatment. Indeed, relative
MTPA contribution increased 7.1% moving from AOP to AOP + CAS.
This is in agreement with some authors indicating the recalcitrant
presence of MTPA after CAS experiments along with its generation
during MTP degradation, up to 40% of initial MTP concentration
(1 mg/L) after 48 h [44,51]. It is important to highlight that the pre-
sence of intermediates after AOP + CAS treating fortified pure water
treatment was small (0.4%) compared with the spiked parent com-
pounds at 2.5 mg/L, highlights the effectiveness of AOP + CAS com-
bination. Although almost a complete removal of MTP and MTPA and
TPs was already achieved by only AOP treatment, CAS as a post-
treatment step additionally provided an extended transformation of
TP150 into TP116 through the intermediate TP134 (Fig. 2, Fig. 4b), as
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also observed after AOP + FG combination (Fig. 4a). As in AOP + FG,
no toxic effects were observed after in vitro experiments in AOP + CAS
effluents.
Considering the last coupling CAS + AOP, MTP and MTPA removal
efficiency was high (97.8% and 97.7%, respectively) but not complete
(Fig. 3b). In terms of TP presence, the relative amount after CAS + AOP
treatment (24.3%) was similar to that after FG + AOP treatment
(27.6%), though very different TP distribution was observed (Fig. 4b):
the presence of intermediates from ≥ 3rd generation after CAS + AOP
treatment was higher (79.2%) than after FG + AOP (36.7%). Those
differences between FG + AOP and CAS + AOP might be related to the
minor complexity of the matrix after CAS (no mucus generated like it is
with FG), allowing a better performance of CAS + AOP. It is also im-
portant to highlight how the presence of MTPA even increased after
CAS alone, reaching a relative percentage values of 114.4%. MTPA has
been described as a major 2nd generation TP in CAS treatment in
previous studies [44,51]. However, MTPA was easily removed when
coupling CAS + AOP. In addition, no toxic effects were observed after
CAS + AOP experiments using the in vitro bioassays.
Therefore, UV/H2O2 can be considered as the treatment of choice
when treating simple matrices, such as fortified pure water.
Nevertheless, the implementation of an additional CAS treatment (both
before or after AOP treatment) allowed similar extent of pollutant
elimination (MTP, MTPA and TPs) without adding any toxic effect in
Fig. 5. The circles represent the relative distribution of intermediates in fortified HWW (Eq. (3)), classified regarding their degree on removal (1st, 2nd and ≥ 3rd
generation expressed in percentage values, according to Fig. 2) in: c) UV/H2O2 combined with FG treatment; d) UV/H2O2 combined with CAS treatment.
A. Jaén-Gil, et al. Chemical Engineering Journal 404 (2021) 126482
8
treated effluents. However, an increase in the in vitro toxicity was
measured along the FG + AOP experiments due to the tentatively
presence of the O-DMTP intermediate. Moreover, the generation of
unknown toxic metabolites from fungi (non-related to MTP and MTPA
degradation) cannot be discarded.
3.3. Combined treatments of fortified hospital wastewater
The same experimental set-up performed with fortified pure water
(Fig. 1) was applied to a real-case scenario to treat real HWW fortified
with 2.0 µg/L of MTP and MTPA. Their removal as well as the relative
distribution of the generated TPs are presented in Fig. 3c, 3d and Fig. 5.
Since these experiments were performed with real HWW, 26.4% TPs
were already detected without applying any treatment (α-HMTP and
TP240, mainly). Other related pharmaceuticals such as atenolol, pre-
sent in HWW at an initial concentration of 0.5 µg/L, may also have
transformed into MTPA (also named atenolol acid) and generate some
of these intermediates after degradation [44,51]. As previously re-
ported, it is important to mention that MTP and MTPA removal effi-
ciency can be altered by many other factors including the presence of
organic matter, bacteria and pollutant concentration among others
[17,24,44]. Finally, since many more unknown chemicals (different
from MTP and MTPA) may contribute to the overall toxicity on treated
effluent, in vitro measurements were not performed.
3.3.1. AOP + FG/FG + AOP treatments of fortified HWW
Overall results obtained from single and combined treatment ex-
periments in fortified HWW for AOP + FG and FG + AOP are pre-
sented in Fig. 3c and Fig. 5c. High removal of MTP and MTPA were
observed after AOP alone (67.8% and 82.8%, respectively) though still
less effective than in fortified pure water (with removals higher than
99.6% for both MTP and MTPA), due most likely to the matrix com-
plexity. While MTP increased its removal to 88.9% after AOP+ FG, this
combination did not increase MTPA removal (81.2%). The relative
presence of intermediates was higher after AOP (63.2%) than after
AOP + FG (40.6%). In comparison with fortified pure water AOP + FG
experiments, the contribution of ≥ 3rd generation TPs was lower
(10.0%, Fig. 5c) compared with 80.8% observed in pure water (Fig. 4a).
These values indicate the low degradation extent of TPs. Among the
intermediates detected, TP240 (2nd generation) and α-HMTP (1st
generation) were classified as the most persistent compounds, as it was
also observed in previous fungal treatment of MTP and MTPA with
Ganoderma lucidum [17]. These recalcitrant intermediates should be
considered of important concern since they were found at a relative
distribution of 42.5% and 44.1%, respectively (Fig. 5c). Therefore,
further improvements and/or adjustments of the technologies included
in this combination may be required to avoid the discharge of these
compounds into the environment.
The opposite treatment combination FG + AOP was much less ef-
fective for MTP removal (36.1%) than AOP + FG (88.9%). The elim-
ination of MTPA was only slightly lower (80.6%) compared to
AOP + FG (81.2%), (Fig. 3c). Moreover, MTPA removal after
FG + AOP increased only 10.7% compared to FG alone (69.9%) while
no substantial changes were observed on MTP elimination. A similar
pattern was observed in terms of relative presence of all generated in-
termediates (38.2% after FG and 36.2% after FG + AOP). These results
demonstrate that FG + AOP was less effective than AOP + FG treating
complex matrices. As in AOP+ FG treatment, TP240 and α-HMTP were
also classified as the most recalcitrant TPs after FG experiments, unable
to be eliminated with this combined treatment configuration (Fig. 5c).
Altogether, it can be suggested that FG + AOP did not provide any
additional advantage compared with AOP + FG.
3.3.2. AOP + CAS/CAS + AOP treatments of fortified HWW
Overall results obtained from the combined experiments in fortified
HWW for AOP + CAS and CAS + AOP are presented in Fig. 3d and
Fig. 5d. AOP + CAS combination was quite effective in terms of re-
moval of MTP (85.6%) and MTPA (99.5%), as shown in Fig. 3d. The
relative percentage of TPs decreased dramatically from 63.2% after
AOP treatment to 15.4% after AOP + CAS, much lower than in
AOP+ FG (40.6%). Moreover, the distribution of≥ 3rd generation TPs
after AOP + CAS treatment increased considerably up to 65.2% com-
pared to those present after AOP alone (2.4%), Fig. 5d. The recalcitrant
TP240 and α-HMTP generated after AOP were successfully reduced
after CAS post-treatment with the generation of the ≥ 3rd generation
intermediate TP254.
In CAS + AOP similar values were obtained in terms of removal of
MTP (85.7%) and MTPA (98.5%). In contrast to FG + AOP, this com-
bination lead to a decrease in the relative TP presence: from 13.8% after
CAS pre-treatment to 11.0% after CAS + AOP. However, even though
TPs presence was slightly lower, their distribution was very different,
compared to AOP + CAS: ≥ 3rd generation TPs decreased drastically
from CAS (65.2%) to CAS + AOP (21.0%) while 1st and 2nd generation
TPs increased up to 27.8% and 51.3%, respectively (Fig. 5d). This was
attributed to the formation of the characteristic persistent compounds
TP240 and α-HMTP after AOP post-treatment. Otherwise, these per-
sistent compounds were easily eliminated, or not generated extensively,
by applying CAS as a post-treatment in AOP + CAS combination
(Fig. 5d). This fact confirms that the generation and the elimination of
intermediates were dependent also on the chosen sequence of applied
treatments. Additionally, and in contrast with CAS treatment of for-
tified pure water, high reduction of MTPA (93.9%), without any further
generation, was observed in CAS treating HWW (Fig. 3d). This can be
related to the different matrix conditions, affecting MTP and MTPA
degradation pathways. Finally, it is important to remark that the pre-
sence of the identified toxic intermediate O-DMTP was observed at a
very low concentration < 1%. These results confirm that the elim-
ination of the intermediates generated is directly dependent on the
chosen sequence of applied treatments.
3.4. Evaluation of combined treatments and statistical analysis
Different combined treatment strategies were compared in the
present study to achieve not only the highest elimination of the parent
compounds but also of the generated intermediates. Additionally, the
toxicity was evaluated along pure water experiments using in vitro
measurements.
The experiments performed in fortified pure water demonstrated
that the AOP treatment was the most effective treatment, out of the
three single treatments tested (AOP, FG and CAS). AOP allowed the
complete removal of MTP, MTPA and their intermediates without a
toxicity increase. In CAS experiments, MTP was mainly transformed
into the recalcitrant metabolite MTPA up to 114.4% whereas MTP was
only removed 20.4% in FG experiments. In the latest case, acute toxicity
increased from 0.0 TU up to 3.2 TU. The application of an AOP post-
treatment was justified in both cases (FG and CAS) in order to reduce
the presence of the parent compounds, the intermediates generated and
the observed acute toxicity. The CAS + AOP combination, allowed the
elimination of the recalcitrant metabolite MTPA up to almost 100%
with no toxicity measured in effluents. Spearman correlation (Fig. S2)
between AOP + CAS and CAS + AOP combinations, in terms of TP
distribution, was classified as moderate (rs = 0.47). On the other hand,
MTP was only eliminated up to 36.4% after FG + AOP and increased in
vitro toxicity due to the presence of the metabolite O-DMTP up to 4.3
TU. Spearman correlation (Fig. S2) between AOP + FG and FG + AOP
combinations, in terms of TP distribution, was classified as non-sig-
nificant (p > 0.05) but similar to CAS + AOP (rs = 0.65 and 0.52,
respectively). In this context, FG + AOP was considered as the least
effective combination in terms of removal of MTP, MTPA and generated
intermediates in pure water.
The experiments performed with fortified HWW showed that the
complete removal of the parent compounds (MTP and MTPA) and their
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TPs was not fully accomplished by any of the evaluated single treat-
ments studied. The combined treatments based on CAS and UV/H2O2
showed the best efficiency in terms of complete removal. The highest
removal degree of target contaminants was observed in AOP + CAS
with the largest contribution of ≥ 3rd generation TPs. In CAS + AOP
combination, the recalcitrant intermediates α-HMTP and TP240 were
generated after the AOP post-treatment from MTP and MTPA removal.
These two combinations showed a moderate correlation (rs = 0.53)
among them in terms of TP distribution (Fig. S3). However, non-sig-
nificant correlation (p > 0.05) was found between the best treatment
AOP + CAS and the less efficient combinations AOP + FG and
FG + AOP. On the other hand, treated effluents from AOP + FG and
FG + AOP showed a strong correlation among them (rs = 0.68), but
quite similar to the combination CAS + AOP (rs = 0.61 and rs = 0.62,
respectively). As a conclusion, AOP + CAS was significantly the most
successful combined treatment in comparison with the other tested
combinations. Despite this, a detailed evaluation of the combined
technologies would be required (in terms of operating conditions of
each of the technologies involved) before scale-up and full-scale ap-
plication [12,55].
4. Conclusions
A comprehensive overview of MTP and MTPA degradation and
transformation was performed in experiments where fortified pure
water and real HWW was treated with UV/H2O2 combined with FG or
CAS biological processes. Major transformation pathways were sug-
gested regarding the transformation of the parent compounds through
bio-transformation and photo-transformation mechanisms. This com-
prehensive study allowed to characterize MTP and MTPA removal/
transformation and to identify the most persistent and toxic inter-
mediates. While AOP single treatment was enough to achieve almost
total compound removal in spiked pure water experiments, combined
treatments were required for hospital wastewater: among the studied
combinations, AOP + CAS attained the highest removal rates not only
for MTP but also for its recalcitrant metabolite MTPA and the generated
intermediates. This study demonstrates that combined treatments may
represent a solution when applied to complex wastewater matrices for
the extended elimination of the TPs generated. On the other hand, this
study demonstrates that target analysis of parent compounds along the
water treatment does not provide enough information about the treat-
ment performance. Comprehensive studies of the generated TPs com-
bined with toxicity estimation are highly recommended.
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements
This work has been funded by the Spanish State Research Agency of
the Spanish Ministry of Science, Innovation and Universities and
European Fund for Regional Development (CTM 2013-48545-C2-1-R
and CTM 2017-85385-C2-1-R). Authors thank Generalitat de Catalunya
through Consolidated Research Group (2017-SGR-14, 2017-SGR-1404,
ICRA-ENV 2017-SGR-1124, 2017-SGR-1318 and 2017-SGR-1016).
ICRA researchers thank funding from CERCA program. S.R.M. and
R.G.O. acknowledge the “Redes de Excelencia 2015” program (CTM
2015-71054-REDT). S.R.M. and G.B. acknowledge the Ramon y Cajal
research fellowships (RYC-2014-16707 and RYC-2014-16754) from the
Spanish State Research Agency of the Spanish Ministry of Science,
Innovation and Universities (AEI-MCIU). A.J.G thanks the predoctoral
grant from the Agency for Management of University and Research
Grants (AGAUR) (2019FI_B2_00202) co-financed by the European
Social Fund. R.G.O. thanks to “Obra Social La Caixa” for receiving
funding to carry out this research through the Intensification Research
Fellowship 2017-URL-IR2Q-023. We would like to thank Sant Joan de
Déu Hospital staff for their collaboration during the sampling cam-
paign. We also thank to Thermo Scientific and Marie-Pierre Pavageau
for the technical support using Compound Discoverer 3.0 software. This
study was supported by the Spanish Ministry of Science and Innovation
(IDAEA Excelencia Severo Ochoa CEX2018-000794-S).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2020.126482.
References
[1] P. Verlicchi, M. Al Aukidy, E. Zambello, Occurrence of pharmaceutical compounds
in urban wastewater: Removal, mass load and environmental risk after a secondary
treatment-A review, Sci. Total Environ. 429 (2012) 123–155, https://doi.org/10.
1016/j.scitotenv.2012.04.028.
[2] P. Verlicchi, A. Galletti, M. Petrovic, D. Barceló, Hospital effluents as a source of
emerging pollutants: An overview of micropollutants and sustainable treatment
options, J. Hydrol. 389 (2010) 416–428, https://doi.org/10.1016/j.jhydrol.2010.
06.005.
[3] P. Verlicchi, M. Al Aukidy, E. Zambello, What have we learned from worldwide
experiences on the management and treatment of hospital effluent? - An overview
and a discussion on perspectives, Sci. Total Environ. 514 (2015) 467–491, https://
doi.org/10.1016/j.scitotenv.2015.02.020.
[4] L.H.M.L.M. Santos, M. Gros, S. Rodriguez-Mozaz, C. Delerue-Matos, A. Pena,
D. Barceló, M.C.B.S.M. Montenegro, Contribution of hospital effluents to the load of
pharmaceuticals in urban wastewaters: Identification of ecologically relevant
pharmaceuticals, Sci. Total Environ. 461–462 (2013) 302–316, https://doi.org/10.
1016/j.scitotenv.2013.04.077.
[5] S. Rodriguez-Mozaz, D. Lucas, D. Barceló, Full-scale plants for dedicated treatment
of hospital effluents, in: Handb. Environ. Chem., Springer, Berlin, Heidelberg, 2017:
pp. 189–208. doi:10.1007/698_2017_13.
[6] N. Ratola, A. Cincinelli, A. Alves, A. Katsoyiannis, Occurrence of organic micro-
contaminants in the wastewater treatment process. A mini review, J. Hazard. Mater.
239–240 (2012) 1–18, https://doi.org/10.1016/j.jhazmat.2012.05.040.
[7] B. Pauwels, W. Verstraete, The treatment of hospital wastewater: An appraisal, J.
Water Health. 4 (2006) 405–416, https://doi.org/10.2166/wh.2006.025.
[8] E. Carraro, S. Bonetta, C. Bertino, E. Lorenzi, S. Bonetta, G. Gilli, Hospital effluents
management: Chemical, physical, microbiological risks and legislation in different
countries, J. Environ. Manage. 168 (2016) 185–199, https://doi.org/10.1016/j.
jenvman.2015.11.021.
[9] L. Ferrando-Climent, C. Cruz-Morató, E. Marco-Urrea, T. Vicent, M. Sarrà,
S. Rodriguez-Mozaz, D. Barceló, Non conventional biological treatment based on
Trametes versicolor for the elimination of recalcitrant anticancer drugs in hospital
wastewater, Chemosphere. 136 (2015) 9–19, https://doi.org/10.1016/j.
chemosphere.2015.03.051.
[10] J.A. Mir-Tutusaus, E. Parladé, M. Villagrasa, D. Barceló, S. Rodríguez-Mozaz,
M. Martínez-Alonso, N. Gaju, M. Sarrà, G. Caminal, Long-term continuous treat-
ment of non-sterile real hospital wastewater by Trametes versicolor, J. Biol. Eng. 13
(2019) 1–13, https://doi.org/10.1186/s13036-019-0179-y.
[11] C.E. Rodríguez-Rodríguez, M. Jesús García-Galán, P. Blánquez, M.S. Díaz-Cruz,
D. Barceló, G. Caminal, T. Vicent, Continuous degradation of a mixture of sulfo-
namides by Trametes versicolor and identification of metabolites from sulfapyridine
and sulfathiazole, J. Hazard. Mater. 213–214 (2012) 347–354, https://doi.org/10.
1016/j.jhazmat.2012.02.008.
[12] J.A. Mir-Tutusaus, R. Baccar, G. Caminal, M. Sarrà, Can white-rot fungi be a real
wastewater treatment alternative for organic micropollutants removal? A review,
Water Res. 138 (2018) 137–151, https://doi.org/10.1016/j.watres.2018.02.056.
[13] I. Oller, S. Malato, J.A. Sánchez-Pérez, Combination of Advanced Oxidation
Processes and biological treatments for wastewater decontamination-A review, Sci.
Total Environ. 409 (2011) 4141–4166, https://doi.org/10.1016/j.scitotenv.2010.
08.061.
[14] M.B. Asif, F.I. Hai, L. Singh, W.E. Price, L.D. Nghiem, Degradation of
Pharmaceuticals and Personal Care Products by White-Rot Fungi—a Critical
Review, Curr. Pollut. Reports. 3 (2017) 88–103, https://doi.org/10.1007/s40726-
017-0049-5.
[15] M. Asgher, H.N. Bhatti, M. Ashraf, R.L. Legge, Recent developments in biode-
gradation of industrial pollutants by white rot fungi and their enzyme system,
Biodegradation. 19 (2008) 771–783, https://doi.org/10.1007/s10532-008-9185-3.
[16] A.I. Rodarte-Morales, G. Feijoo, M.T. Moreira, J.M. Lema, Degradation of selected
pharmaceutical and personal care products (PPCPs) by white-rot fungi, World J.
Microbiol. Biotechnol. 27 (2011) 1839–1846, https://doi.org/10.1007/s11274-
010-0642-x.
[17] A. Jaén-Gil, F. Castellet-Rovira, M. Llorca, M. Villagrasa, M. Sarrà, S. Rodríguez-
Mozaz, D. Barceló, Fungal treatment of metoprolol and its recalcitrant metabolite
A. Jaén-Gil, et al. Chemical Engineering Journal 404 (2021) 126482
10
metoprolol acid in hospital wastewater: Biotransformation, sorption and ecotox-
icological impact, Water Res. 152 (2019) 171–180, https://doi.org/10.1016/j.
watres.2018.12.054.
[18] A.C. Vincenzo Naddeo, Wastewater Treatment by Combination of Advanced
Oxidation Processes and Conventional Biological Systems, J. Bioremediation
Biodegrad. 04 (2013), https://doi.org/10.4172/2155-6199.1000208.
[19] F. Martínez, R. Molina, I. Rodríguez, M.I. Pariente, Y. Segura, J.A. Melero, Techno-
economical assessment of coupling Fenton/biological processes for the treatment of
a pharmaceutical wastewater, J. Environ. Chem. Eng. 6 (2018) 485–494, https://
doi.org/10.1016/j.jece.2017.12.008.
[20] D. Mantzavinos, E. Psillakis, Enhancement of biodegradability of industrial waste-
waters by chemical oxidation pre-treatment, J. Chem. Technol. Biotechnol. 79
(2004) 431–454, https://doi.org/10.1002/jctb.1020.
[21] A. Della-Flora, M.L. Wilde, I.D.F. Pinto, É.C. Lima, C. Sirtori, Degradation of the
anticancer drug flutamide by solar photo-Fenton treatment at near-neutral pH:
Identification of transformation products and in silico (Q)SAR risk assessment,
Environ. Res. 183 (2020) 109223, , https://doi.org/10.1016/j.envres.2020.109223.
[22] D. Fatta-Kassinos, M.I. Vasquez, K. Kümmerer, Transformation products of phar-
maceuticals in surface waters and wastewater formed during photolysis and ad-
vanced oxidation processes - Degradation, elucidation of byproducts and assess-
ment of their biological potency, Chemosphere. 85 (2011) 693–709, https://doi.
org/10.1016/j.chemosphere.2011.06.082.
[23] R. Salgado, V.J. Pereira, G. Carvalho, R. Soeiro, V. Gaffney, C. Almeida,
V.V. Cardoso, E. Ferreira, M.J. Benoliel, T.A. Ternes, A. Oehmen, M.A.M. Reis,
J.P. Noronha, Photodegradation kinetics and transformation products of keto-
profen, diclofenac and atenolol in pure water and treated wastewater, J. Hazard.
Mater. 244–245 (2013) 516–527, https://doi.org/10.1016/j.jhazmat.2012.10.039.
[24] A. Jaén-Gil, G. Buttiglieri, A. Benito, R. Gonzalez-Olmos, D. Barceló, S. Rodríguez-
Mozaz, Metoprolol and metoprolol acid degradation in UV/H2O2 treated waste-
waters: An integrated screening approach for the identification of hazardous
transformation products, J. Hazard. Mater. (2019) 120851, , https://doi.org/10.
1016/j.jhazmat.2019.120851.
[25] D. Mantzavinos, N. Kalogerakis, Treatment of olive mill effluents: Part I. Organic
matter degradation by chemical and biological processes - An overview, Environ.
Int. 31 (2005) 289–295, https://doi.org/10.1016/j.envint.2004.10.005.
[26] D. Cassano, A. Zapata, G. Brunetti, G. Del Moro, C. Di Iaconi, I. Oller, S. Malato,
G. Mascolo, Comparison of several combined/integrated biological-AOPs setups for
the treatment of municipal landfill leachate: Minimization of operating costs and
effluent toxicity, Chem. Eng. J. 172 (2011) 250–257, https://doi.org/10.1016/j.cej.
2011.05.098.
[27] L. Prieto-Rodríguez, I. Oller, N. Klamerth, A. Agüera, E.M. Rodríguez, S. Malato,
Application of solar AOPs and ozonation for elimination of micropollutants in
municipal wastewater treatment plant effluents, Water Res. 47 (2013) 1521–1528,
https://doi.org/10.1016/j.watres.2012.11.002.
[28] A. Monteoliva-García, J. Martín-Pascual, M.M. Muñío, J.M. Poyatos, Removal of
carbamazepine, ciprofloxacin and ibuprofen in real urban wastewater by using
light-driven advanced oxidation processes, Int. J. Environ. Sci. Technol. (2019),
https://doi.org/10.1007/s13762-019-02365-9.
[29] A. Jaén-Gil, A. Hom-Diaz, M. Llorca, T. Vicent, P. Blánquez, D. Barceló,
S. Rodríguez-Mozaz, An automated on-line turbulent flow liquid-chromatography
technology coupled to a high resolution mass spectrometer LTQ-Orbitrap for sus-
pect screening of antibiotic transformation products during microalgae wastewater
treatment, J. Chromatogr. A. 1568 (2018) 57–68, https://doi.org/10.1016/j.
chroma.2018.06.027.
[30] C. Sirtori, A. Zapata, I. Oller, W. Gernjak, A. Agüera, S. Malato, Decontamination
industrial pharmaceutical wastewater by combining solar photo-Fenton and bio-
logical treatment, Water Res. 43 (2009) 661–668, https://doi.org/10.1016/j.
watres.2008.11.013.
[31] M.M. Ballesteros Martín, J.A. Sánchez Pérez, F.G. Acién Fernández, J.L. Casas
López, A.M. García-Ripoll, A. Arques, I. Oller, S. Malato Rodríguez, Combined
photo-Fenton and biological oxidation for pesticide degradation: Effect of photo-
treated intermediates on biodegradation kinetics, Chemosphere. 70 (2008)
1476–1483, https://doi.org/10.1016/j.chemosphere.2007.08.027.
[32] I. Oller, S. Malato, J.A. Sánchez-Pérez, M.I. Maldonado, R. Gassó, Detoxification of
wastewater containing five common pesticides by solar AOPs-biological coupled
system, Catal. Today. 129 (2007) 69–78, https://doi.org/10.1016/j.cattod.2007.
06.055.
[33] M. Jiménez-Tototzintle, I. Oller, A. Hernández-Ramírez, S. Malato, M.I. Maldonado,
Remediation of agro-food industry effluents by biotreatment combined with sup-
ported TiO2/H2O2 solar photocatalysis, Chem. Eng. J. 273 (2015) 205–213, https://
doi.org/10.1016/j.cej.2015.03.060.
[34] L. Qi, X. Wang, Q. Xu, Coupling of biological methods with membrane filtration
using ozone as pre-treatment for water reuse, Desalination. 270 (2011) 264–268,
https://doi.org/10.1016/j.desal.2010.11.054.
[35] Y. Ouarda, B. Tiwari, A. Azaïs, M.A. Vaudreuil, S.D. Ndiaye, P. Drogui, R.D. Tyagi,
S. Sauvé, M. Desrosiers, G. Buelna, R. Dubé, Synthetic hospital wastewater treat-
ment by coupling submerged membrane bioreactor and electrochemical advanced
oxidation process: Kinetic study and toxicity assessment, Chemosphere. 193 (2018)
160–169, https://doi.org/10.1016/j.chemosphere.2017.11.010.
[36] O. Ganzenko, D. Huguenot, E.D. van Hullebusch, G. Esposito, M.A. Oturan,
Electrochemical advanced oxidation and biological processes for wastewater
treatment: A review of the combined approaches, Environ. Sci. Pollut. Res. 21
(2014) 8493–8524, https://doi.org/10.1007/s11356-014-2770-6.
[37] S.R. Hughes, P. Kay, L.E. Brown, Global synthesis and critical evaluation of phar-
maceutical data sets collected from river systems, Environ. Sci. Technol. 47 (2013)
661–677, https://doi.org/10.1021/es3030148.
[38] A. Villegas-Navarro, E. Rosas-L, J.L. Reyes, The heart of Daphnia magna: Effects of
four cardioactive drugs, Comp. Biochem. Physiol. - C Toxicol. Pharmacol. 136
(2003) 127–134, https://doi.org/10.1016/S1532-0456(03)00172-8.
[39] E.J. van den Brandhof, M. Montforts, Fish embryo toxicity of carbamazepine, di-
clofenac and metoprolol, Ecotoxicol. Environ. Saf. 73 (2010) 1862–1866, https://
doi.org/10.1016/j.ecoenv.2010.08.031.
[40] Z. Dong, D.B. Senn, R.E. Moran, J.P. Shine, Prioritizing environmental risk of
prescription pharmaceuticals, Regul. Toxicol. Pharmacol. 65 (2013) 60–67, https://
doi.org/10.1016/j.yrtph.2012.07.003.
[41] M. Maurer, B.I. Escher, P. Richle, C. Schaffner, A.C. Alder, Elimination of β-blockers
in sewage treatment plants, Water Res. 41 (2007) 1614–1622, https://doi.org/10.
1016/j.watres.2007.01.004.
[42] M. Scheurer, M. Ramil, C.D. Metcalfe, S. Groh, T.A. Ternes, The challenge of ana-
lyzing beta-blocker drugs in sludge and wastewater, Anal. Bioanal. Chem. 396
(2010) 845–856, https://doi.org/10.1007/s00216-009-3225-7.
[43] C. Lacey, S. Basha, A. Morrissey, J.M. Tobin, Occurrence of pharmaceutical com-
pounds in wastewater process streams in Dublin, Ireland, Environ. Monit. Assess.
184 (2012) 1049–1062, https://doi.org/10.1007/s10661-011-2020-z.
[44] A. Rubirola, M. Llorca, S. Rodriguez-Mozaz, N. Casas, I. Rodriguez-Roda,
D. Barceló, G. Buttiglieri, Characterization of metoprolol biodegradation and its
transformation products generated in activated sludge batch experiments and in full
scale WWTPs, Water Res. 63 (2014) 21–32, https://doi.org/10.1016/j.watres.2014.
05.031.
[45] B.I. Escher, K. Fenner, Recent Advances in Environmental Risk Assessment of
Transformation Products, Environ. Sci. Technol. 45 (2011) 3835–3847, https://doi.
org/10.1021/es1030799.
[46] S. Kern, R. Baumgartner, D.E. Helbling, J. Hollender, H. Singer, M.J. Loos,
R.P. Schwarzenbach, K. Fenner, A tiered procedure for assessing the formation of
biotransformation products of pharmaceuticals and biocides during activated
sludge treatment, J. Environ. Monit. 12 (2010) 2100, https://doi.org/10.1039/
c0em00238k.
[47] J. Godbillon, M. Duval, Determination of two metoprolol metabolites in human
urine by high-performance liquid chromatography, J. Chromatogr., B Biomed. Sci.
Appl. 309 (1984) 198–202.
[48] C. Wharf, U. Kingdom, Questions and answers on ’ Guideline on the environmental
risk assessment of medicinal products for human use ’, 2010 (2010) 1–9.
[49] European Comission, REGULATION (EU) 2020/741 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 25 May 2020 on minimum requirements
for water reuse, 2019 (2020) 32–55.
[50] L.F. Angeles, R.A. Mullen, I.J. Huang, C. Wilson, W. Khunjar, H.I. Sirotkin,
A.E. McElroy, D.S. Aga, Assessing pharmaceutical removal and reduction in toxicity
provided by advanced wastewater treatment systems, Environ. Sci. Water Res.
Technol. 6 (2020) 62–77, https://doi.org/10.1039/c9ew00559e.
[51] J. Radjenović, S. Pérez, M. Petrović, D. Barceló, Identification and structural
characterization of biodegradation products of atenolol and glibenclamide by liquid
chromatography coupled to hybrid quadrupole time-of-flight and quadrupole ion
trap mass spectrometry, J. Chromatogr. A. 1210 (2008) 142–153, https://doi.org/
10.1016/j.chroma.2008.09.060.
[52] N. Collado, G. Buttiglieri, E. Marti, L. Ferrando-Climent, S. Rodriguez-Mozaz,
D. Barceló, J. Comas, I. Rodriguez-Roda, Effects on activated sludge bacterial
community exposed to sulfamethoxazole, Chemosphere. 93 (2013) 99–106, https://
doi.org/10.1016/j.chemosphere.2013.04.094.
[53] A. Benito, A. Penadés, J.L. Lliberia, R. Gonzalez-Olmos, Degradation pathways of
aniline in aqueous solutions during electro-oxidation with BDD electrodes and UV/
H2O2 treatment, Chemosphere. 166 (2017) 230–237, https://doi.org/10.1016/j.
chemosphere.2016.09.105.
[54] P. Blánquez, M. Sarrà, M.T. Vicent, Study of the cellular retention time and the
partial biomass renovation in a fungal decolourisation continuous process, Water
Res. 40 (2006) 1650–1656, https://doi.org/10.1016/j.watres.2006.02.010.
[55] E. Borràs, P. Blánquez, M. Sarrà, G. Caminal, T. Vicent, Trametes versicolor pellets
production: Low-cost medium and scale-up, Biochem. Eng. J. 42 (2008) 61–66,
https://doi.org/10.1016/j.bej.2008.05.014.
[56] C.G. Hatchard, C.A. Parker, A New Sensitive Chemical Actinometer. II. Potassium
Ferrioxalate as a Standard Chemical Actinometer, Proc. R. Soc. A Math. Phys. Eng.
Sci. (1956) 518–536, https://doi.org/10.1098/rspa.1956.0102.
[57] A. Shahbazi, R. Gonzalez-Olmos, F.D. Kopinke, P. Zarabadi-Poor, A. Georgi, Natural
and synthetic zeolites in adsorption/oxidation processes to remove surfactant mo-
lecules from water, Sep. Purif. Technol. 127 (2014) 1–9, https://doi.org/10.1016/j.
seppur.2014.02.021.
[58] J.A. Mir-Tutusaus, M. Sarrà, G. Caminal, Continuous treatment of non-sterile hos-
pital wastewater by Trametes versicolor: How to increase fungal viability by means
of operational strategies and pretreatments, J. Hazard. Mater. 318 (2016) 561–570,
https://doi.org/10.1016/j.jhazmat.2016.07.036.
[59] M. Gros, S. Rodríguez-Mozaz, D. Barceló, Fast and comprehensive multi-residue
analysis of a broad range of human and veterinary pharmaceuticals and some of
their metabolites in surface and treated waters by ultra-high-performance liquid
chromatography coupled to quadrupole-linear ion trap tandem, J. Chromatogr. A.
1248 (2012) 104–121, https://doi.org/10.1016/j.chroma.2012.05.084.
[60] R Core Team, R: A Language and Environment for Statistical Computing, (2020).
https://www.r-project.org/.
[61] T. Wei, V. Simko, R package “corrplot”: Visualization of a Correlation, Matrix
(2017).
[62] ISO, ISO 11348-3:1998 - Water quality – Determination of the inhibitory effect of
water samples on the light emission of Vibrio fischeri (Luminescent bacteria test),
1998.
[63] J.B. Carbajo, A.L. Petre, R. Rosal, S. Herrera, P. Letón, E. García-Calvo,
A. Jaén-Gil, et al. Chemical Engineering Journal 404 (2021) 126482
11
A.R. Fernández-Alba, J.A. Perdigón-Melón, Continuous ozonation treatment of
ofloxacin: Transformation products, water matrix effect and aquatic toxicity, J.
Hazard. Mater. 292 (2015) 34–43, https://doi.org/10.1016/j.jhazmat.2015.02.
075.
[64] W. Engst, R. Landsiedel, H. Hermersdörfer, J. Doehmer, H. Glatt, Benzylic hydro-
xylation of 1-methylpyrene and 1-ethylpyrene by human and rat cytochromes P450
individually expressed in V79 Chinese hamster cells, Carcinogenesis. 20 (1999)
1777–1785, https://doi.org/10.1093/carcin/20.9.1777.
[65] D.P. Barr, S.D. Aust, Mechanisms white rot fungi use to degrade pollutants, Environ.
Sci. Technol. 28 (1994), https://doi.org/10.1021/es00051a002.
[66] V. Romero, O. González, B. Bayarri, P. Marco, J. Giménez, S. Esplugas, Degradation
of Metoprolol by photo-Fenton: Comparison of different photoreactors perfor-
mance, Chem. Eng. J. 283 (2016) 639–648, https://doi.org/10.1016/j.cej.2015.07.
091.
[67] V. Romero, S. Acevedo, P. Marco, J. Giménez, S. Esplugas, Enhancement of Fenton
and photo-Fenton processes at initial circumneutral pH for the degradation of the β-
blocker metoprolol, Water Res. 88 (2016) 449–457, https://doi.org/10.1016/j.
watres.2015.10.035.
A. Jaén-Gil, et al. Chemical Engineering Journal 404 (2021) 126482
12
